Abstract -Aim: The objective of the study was to provide conclusive evidence for the effect of particle size reduction as by milling on the extractable content of ethyl glucuronide (EtG) of hair samples. Methods: A number of real case hair samples and two pooled hair materials with EtG contents in the range of 10-30 pg/mg were systematically compared with regard to the extraction yield of EtG after cutting to 2-3 mm length and pulverization with a ball mill. After the respective treatment the samples were submitted to aqueous extraction followed by quantification of EtG using HPLC-MS/MS. Results: It was unequivocally demonstrated that milling of hair samples prior to aqueous extraction significantly increases the extractable EtG content compared with cut hair. The effect ranged between 137 and 230% and was seen to occur regardless of the extent of pulverization. Cooling of samples was not necessary to prevent partial degradation of EtG during the grinding procedure. Conclusion: The options currently employed at choice in analytical practice (cutting or milling) were seen to significantly affect the extractable amount of EtG in hair. This is suspected to influence the degree of equivalence of quantification results obtained in different laboratories as well as their respective classification of a test subject's drinking behaviour on the basis of currently recommended cut-off values.
INTRODUCTION
In recent years the determination of ethyl glucuronide (EtG), a minor metabolite of ethanol, in human hair has gained importance for the assessment of long-term drinking habits (Morini et al., 2009; Agius et al., 2012; Suesse et al., 2012) . The quantification of EtG follows a straight forward scheme: Particle size reduction of the hair sample is followed by washing and extraction, sometimes supported by ultrasonication, then optionally a clean-up of the extract and finally the instrumental quantification using LC-MS/MS (Morini et al., 2006; Álvarez et al., 2009; Albermann et al., 2010) or GC-MS(/MS) after prior derivatization (Jurado et al., 2004; Álvarez et al., 2009; Kerekes et al., 2009; Kharbouche et al., 2009; Agius et al., 2010; Shi et al., 2010) .
However, the effects of particle size reduction or ultrasonication on the extraction efficiency have not systematically been investigated so far. Authors either cut (Jurado et al., 2004; Morini et al., 2006 Morini et al., , 2010 Kintz et al., 2008; Álvarez et al., 2009; Lamoureux et al., 2009; Albermann et al., 2010; Pragst et al., 2010; Shi et al., 2010; Tarcomnicu et al., 2010; Hastedt et al., 2012; Kronstrand et al., 2012; Suesse et al., 2012) or milled (Kłys et al., 2005; Appenzeller et al., 2007; Kerekes et al., 2009; Kharbouche et al., 2009; Agius et al., 2010; Ferreira et al., 2012 ) the hair samples under investigation. Only very recently, evidence was revealed that increased particle size reduction leads to higher EtG values (Albermann et al., 2012) . According to the Society of Hair Testing (SoHT) the assessment of a test person as teetotaller, social or heavy drinker is based on the comparison of the actually EtG content as determined by the above mentioned procedures with the respective cut-off values (Kintz, 2010; SoHT, 2012) . It is crucial to clarify if the degree of particle size reduction may significantly affect the observed EtG content and possibly give rise to a bias between procedures. Therefore, the two options for the reduction of the particle size of a hair sample to be quantified with regard to the EtG content, namely to cut or to mill hair samples prior to extraction, were compared in order to arrive at a clear understanding if the extractable amount of EtG is systematically different between these procedures. The question of possible EtG loss during the grinding procedure was also addressed.
MATERIALS AND METHODS

Chemicals and reagents
Native EtG and labelled EtG-d5 were obtained from Medichem Diagnostica (Steinenbronn, Germany) as colourless solids. Stock solutions of EtG and EtG-d5 in water (each 2 mg/g) were diluted gravimetrically to the corresponding calibration solutions using high-purity water prepared with a Milli-Q system (Millipore, Bedford, MA, USA). Formic acid (98%) was obtained from J.T. Baker (Deventer, The Netherlands). Dichloromethane and methanol were supplied by Promochem (Wesel, Germany); acetonitrile was obtained from VWR International (Darmstadt, Germany). All solvents were of highest analytical grade.
Origin of test materials
Real case hair segments (between 1 and 10 cm long) received from seven volunteers were used to obtain a survey of the influence of milling of the hair samples prior to analysis. Each material was separately cut into small pieces of 2-3 mm length. Systematic investigations were conducted on two pooled hair materials 1 and 2. These were composed exclusively of male hair strands obtained from a number of individuals and displayed a maximum length of 3 cm. All hair samples used in this study were received with the written declaration of consent of each donor that the samples may be used for analytical method development including the publication of results after anonymisation. All hair strands were cut manually into small pieces and mixed thoroughly. In order to obtain the two materials 1 and 2 with different EtG content, different amounts of the starting materials were blended. Then, materials 1 and 2 were classified by sieving with an AS 200 control (Retsch, Haan, Germany) in order to remove hair snippets longer than 2-3 mm. The respective fraction having passed 200 µm mesh size after 7 runs for 15 min with an amplitude of 1.6 mm was sieved further with a 100 µm mesh size 28 times with an amplitude of 1.6 mm for 15 min each. The snippets being longer than 2-3 mm were retained by the 100 µm mesh size after this time and cut manually and added to the material having passed 100 mm mesh size.
Then, each sieved material was homogenized using a drum hoop mixer ELTE 650 (J. Engelsmann AG Ludwigshafen, Germany), for 54 h and further for 96 h in an end over end mixer REAX 20 (Heidolph, Schwabach, Germany).
Milling procedures
Milling was performed with a Pulverisette 23 ball mill (Fritsch, Idar-Oberstein, Germany) . Therefore, about 60 mg of hair was filled into a 5 ml grinding bowl and two stainless steel balls (Ø = 1 cm) were added. Samples were ground for 2 min at a frequency of 30 s −1 ( procedure A) to obtain crudely pulverized samples and alternatively for 2 min at a frequency of 50 s −1 to get finely powdered samples ( procedure B). Investigations of the effect of cooling during milling were carried out with a mixer mill MM 301 (Retsch, Haan, Germany). Therefore, about 60 mg of hair was filled into a 5 ml grinding bowl and one stainless steel ball (Ø = 0.7 cm) was added. Grinding bowl and steel ball had been cooled in liquid nitrogen for 2 min directly before adding the hair sample. The samples were milled for 2 min at a frequency of 30 s −1
. In case of lyophilization after milling the samples were filled into conical tubes with attached lid and freeze-dried in a LYOVAC GT 2/GT 2-E lyophilizer (FINN-AQUA, Hürth, Germany) over night.
Extraction of hair samples
For washing and extraction of the hair samples a method described by Pragst et al. (2010) was modified. For each determination 50 mg hair samples (cut or milled) were weighed exactly into a 2 ml conical plastic tube with attached lid. Therein, the hair was submersed in 1 ml of dichloromethane for 15 min. After pipetting the dichloromethane off 1 ml of methanol was added and allowed just to perfuse the hair and then removed immediately. After air-drying 0.45 ml of water and 23 ng of EtG-d 5 were added as aqueous internal standard solution (460 ng/g, about 0.05 ml) gravimetrically. After standing for 2 days at room temperature the samples were filtered and 50 µl of the clear extract was injected into the LC-MS/MS system.
Instrumentation and analysis
Quantification of EtG was performed on an Agilent 1200 series HPLC binary pump system (Agilent Technologies, Waldbronn, Germany) coupled to an API 4000 Q-Trap® high performance hybrid triple quadrupole/linear ion trap mass spectrometer (Applied Biosystems/MDS SCIEX, Foster City, California/ Concord, Ontario, Canada). Chromatographic separation was carried out using a combination of a 10 mm × 2.1 mm Hypercarb guard column (3 µm particle size) with a 100 mm × 2.5 mm Hypercarb column (Thermo Scientific, Waltham, USA) with 3 µm particle size. A mixture of 93% water, 7% acetonitrile and 0.1% formic acid was used as mobile phase at a flow rate of 0.3 ml/min. The separation was carried out isocratically and the analytes displayed retention times of 3.5 min (native EtG) and 3.4 (EtG-d 5 ). The oven temperature was held at 30°C.
The mass spectrometer was run in the multiple reaction mode (MRM, dwell time: 200 msec) with negative ionization. Transitions monitored were m/z 220.8 ! 74.9 (quantifier) for native EtG and m/z 226.0 ! 74.9 for EtG-d 5 as well as m/z 220.8 ! 84.9 (qualifier) for native EtG and m/z 226.0 ! 84.9 for EtG-d 5 . The first and third quadrupoles were set to unit resolution. Source parameters were: ion spray voltage, −4000 V; desolvation temperature, 500°C; ion source gas 1, 80 (arbitrary units) a.u.; ion source gas 2, 90 a.u.; curtain gas, 25 a.u.; collision gas 12 a.u.; declustering potential, −28 V for both transitions of native EtG and −27 V for both transitions of EtG-d 5 ; collision energy, −27 eV for the transition m/z 220.8 ! 74.9 and −26 eV for the other ones; entrance potential, −9 V for the quantifier transitions and −10 V for the qualifier transitions; and collision cell exit potential, −7 V for all four transitions. Data were collected and processed with the Analyst 1.5 software package (Applied Biosystems/MDS SCIEX).
Quality control/quality assurance and statistical analysis All solutions of native EtG and EtG-d 5 were prepared gravimetrically in order to control the precision of analyte concentration. Consequently, the spiking with EtG and EtG-d5 solutions was also carried out gravimetrically. Each measurement solution was injected in triple. EtG was quantified by isotope dilution MS based on an external calibration with native and labelled EtG-d 5 . Eleven calibration points in the range from 100 pg to 2500 pg absolute (corresponding to 2-50 pg EtG/mg hair) were performed (R ≥ 0.9986). The calibration curve was linear over the whole range and there was no need of using a weighing factor. The limits of detection (LOD) and he limits of quantification (LOQ) were determined by using a so-called matrix calibration using blank hair extracts spiked with EtG in a range from 100 pg to 1100 pg absolute (corresponding to 2-22 pg EtG/mg hair). LOD and LOQ calculated according to DIN 32645 were 0.46 pg/mg and 2.29 pg/mg. The intermediate precision was derived from five samples of one material which were extracted by two analysts on each of two consecutive days. Hence a variation coefficient within series of 5.04%, between series of 2.03% and for different days of 5.43% was determined.
In order to arrive at statistically sound conclusions each measurement series included 10 samples. One measurement series contained an outlying observation for which technical reasons justified its elimination. Apart from that, each measurement series was seen to be free of individual outliers (Grubbs-test, 0.05 significance level), and successfully tested for normality and the absence of trends using the program STATIST (Herbold and Schmitt, 2001) . Differences between particle size reduction procedures (cutting vs. milling) were tested for significance by one-way ANOVA and two sample t-test.
RESULTS AND DISCUSSION
Firstly, a number of randomly selected real case hair samples were investigated regarding a possible dependence of extraction characteristics on the type of particle reduction prior to extraction. On grounds of the initial evidence for increased EtG yields after pulverization, systematic investigations were conducted to substantiate the significance of the effect. The extraction time was set to 48 h in order to secure completeness of EtG extraction possible with each fragmentation option.
Comparison of cutting and milling with regard to extractable EtG form hair To achieve a survey of the influence of particle size reduction on the detectable amount of EtG in hair, the seven hair samples from real cases having been cut manually to small pieces as described above were divided into two portions each. One portion was finely powdered (grinding method B) ; the other portion remained untreated. Images of samples without and after milling are shown in Fig. 1 . Each real case hair was analysed in quadruple both after manual cutting and after subsequent milling ( procedure B). The results are collected in Table 1 .
As might have been anticipated from the work by Albermann et al. (2010 Albermann et al. ( , 2012 , higher amounts of EtG were detected in most of the powdered samples. It is also obvious that sample 5, which did not display measurable EtG before milling, still did not do so after milling. Thus, there is no indication either for the formation of EtG or any contamination during milling. These preliminary results obtained with the seven real case hair strands suggested systematic investigations on the influence of milling on the extractable content of EtG in hair. Hence, 10 manually cut subsamples of material 1 were analysed for the EtG content under repeatability conditions with 10 subsamples obtained after crude milling with procedure A and 10 subsamples obtained after milling to receive a fine powder with procedure B. Figure 2 displays images of the fragmentation products and the results of EtG analysis of these samples are presented in Table 2 .
The data were analysed by one-way ANOVA and tested for significant differences between the measurement series (F-test) and the respective means (t-test).
As already obvious from the original data in Table 2 , there is a significant difference between cut and both milled samples regarding the detectable amount of EtG as indicated by the P-values of the ANOVA and t-test. Crudely and finely powered hair samples, however, displayed no significant difference. As a consequence, it may be assumed that the extent of size reduction does not play any important role. There are three possible explanations for the observed differences in extractable EtG. First, there could be an effect due to the washing procedure such that certain interfering matrix components might be removed to a different extent from cut and powdered hair. As a consequence, the ionization of the analyte might be affected differently. Second, the internal standard could be adsorbed to the greater surface of powdered samples to a greater extent. In other words, the equilibration of EtG-d 5 between solution and hair matrix may be affected by the surface of the matrix. Both effects would lead to an apparently higher EtG content. The third possibility is a higher extraction efficiency from powdered samples compared with cut samples. This comes into consideration only when the other two possibilities can be neglected. Therefore, the effects of washing and the adsorption of the internal standard had to be investigated separately.
Influence of washing on the detectable EtG amount
For the investigation of the influence of washing, 10 manually cut subsamples of material 2 were analysed for the EtG content under repeatability conditions with 10 subsamples obtained after milling with procedure A and 10 subsamples obtained after milling with procedure B. All hair samples investigated for this comparison were not washed prior to extraction. The results of the EtG analysis in Table 3 revealed again significantly higher EtG amounts in the milled samples. This means that a washout effect could not be the major explanation for the higher amount of EtG detectable in milled samples. It is also obvious that there is no statistical difference between the products of the two grinding procedures. This is a further indication that it does not matter how intense the samples were milled. 
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Effect of absorption of the internal standard Clarification of the effect of internal standard adsorption to the larger surface hair matrix after milling was accomplished with 10 subsamples of manually cut material 1 being analysed under repeatability conditions with 10 subsamples of crudely ( procedures A) and 10 subsamples of finely powdered ( procedure B) material 1. The samples were analysed according to the described procedure; however, EtG-d 5 was added only after completion of the 2-day long extraction period and just a few seconds before filtration of the extracts. Thus, there was no time for the internal standard to be adsorbed by the hair matrix. The results of EtG analysis of these samples are shown in Table 4 . The statistical analysis (ANOVA, t-test) confirmed a significantly greater EtG amount in the milled samples compared with the cut ones as already obvious from the original data. Again, no significant dissimilarity between the differently powdered samples was visible. Consequently, specific adsorption characteristics of the internal standard on the powered hair matrix can be ruled out as explanation for the detection of higher EtG amounts after milling. The systematically higher EtG values observed in the experiments given in Table 2 compared with those comprehended in Table 4 are associated with the different point of addition of the internal standard during the course of analysis. The line of argument is based upon respective direct comparison of measurement series within Tables 2 and 4 .
Effect of cooling during milling Finally, it was examined whether the milling procedure might cause a certain deterioration of the EtG content in the grinding stock. It cannot be ruled that out that locally elevated Manual cutting-fine powder 1.4 × 10 −14 8.5 × 10
Crude powder-fine powder 0.246 0.123 temperatures on the metal surfaces might lead to a partial degradation of the analyte. This would counteract the increased extraction yield from milled samples and impede a full acquisition of the detectable amount of EtG. Therefore, 10 samples each were milled with and without cooling, respectively, as described in the experimental section. After milling all samples were lyophilized to remove the adhering water deposited on the matrix during cooling. The samples milled at ambient temperature were also submitted to lyophilization in order to apply equal conditions within this comparison. The results of analyses on these samples are displayed in Table 5 .
It is obvious and statistically verifiable (ANOVA, t-test) that there is no difference between both measurement series and their averages. Thus, cooling of hair samples during milling is dispensable.
CONCLUSION
Significantly greater EtG values were observed in aqueous extracts after grinding of hair samples. It could be demonstrated that this has to be attributed to greater extraction efficiency from milled hair samples. It should be noted that the extent of fragmentation is not decisive. Neither the washing step often performed prior to extraction nor an increased adsorption of the internal standard to milled hair could be causally connected with this observation. Nevertheless, it is recommended to check any milling procedure on hair samples with regard to systematic false positive or false negative results along these lines.
The higher extraction yields after milling compared with cutting are considered as remarkable in the context of cut-off values set for the assessment of drinking behaviour. Currently, no prescriptions or recommendations are given regarding the treatment of hair samples prior to extraction though this may easily affect the classification of test subjects' drinking behaviour.
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